Many biomaterials are designed to regulate the interactions between artificial and natural surfaces. However, when materials are inserted through the cell membrane itself the interface formed between the interior edge of the membrane and the material surface is not well understood and poorly controlled. Here we demonstrate that by replicating the nanometer-scale hydrophilichydrophobic-hydrophilic architecture of transmembrane proteins, artificial "stealth" probes spontaneously insert and anchor within the lipid bilayer core, forming a high-strength interface. These nanometer-scale hydrophobic bands are readily fabricated on metallic probes by functionalizing the exposed sidewall of an ultrathin evaporated Au metal layer rather than by lithography. Penetration and adhesion forces for butanethiol and dodecanethiol functionalized probes were directly measured using atomic force microscopy (AFM) on thick stacks of lipid bilayers to eliminate substrate effects. The penetration dynamics were starkly different for hydrophobic versus hydrophilic probes. Both 5-and 10 nm thick hydrophobically functionalized probes naturally resided within the lipid core, while hydrophilic probes remained in the aqueous region. Surprisingly, the barrier to probe penetration with short butanethiol chains (E o;5 nm ¼ 21.8k b T , E o;10 nm ¼ 15.3k b T ) was dramatically higher than longer dodecanethiol chains (E o;5 nm ¼ 14.0k b T , E o;10 nm ¼ 10.9k b T ), indicating that molecular mobility and orientation also play a role in addition to hydrophobicity in determining interface stability. These results highlight a new strategy for designing artificial cell interfaces that can nondestructively penetrate the lipid bilayer.
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atomic force microscopy | biophysics | membranes | proteins T he ability to specifically and nondestructively incorporate inorganic structures into or through biological membranes is a key step toward realizing full bioinorganic integration, such as arrayed on-chip patch-clamps, drug delivery, and biosensors. However, molecular delivery and interfaces to inorganic objects, such as patch-clamp pipettes, generally rely upon destructive formation of membrane holes and serendipitous adhesion (1) , rather than selective penetration and attachment into the bilayer itself. Because a key aspiration of biomaterials is seamlessly interfacing artificial materials with natural components, a more benign means to penetrate through the cell membrane is required. While surface modification techniques have been highly successful at controlling cell mobility, proliferation, and differentiation on two-dimensional surfaces (2) (3) (4) , bridging across the cell membrane itself has been much less studied. A prime example of such a system is membrane proteins, whose outer surface is designed to specifically interact with the interior of the cell membrane lipid bilayer. The tight junction between the lipid and protein eliminates constitutive ion or protein leakage, allowing membrane proteins to regulate the chemical flux through the bilayer.
While most gene and drug carrier particles appear to enter the cell by endocytotic mechanisms (5), materials such as cationic polymers (6, 7) and nanoparticles (8) have been shown to directly penetrate the membrane. However, these highly charged species can create holes leading to significant cytotoxicity, and the underlying lipid-cation interaction mechanism is still poorly understood (9, 10) . New materials delivery systems such as DNA functionalized nanowires pierce the membrane and have had some success delivering cargo, but cells are unable to survive longer than several days following penetration (11) . Recent experiments with sub-6nm diameter thiol-functionalized Au nanoparticles (8) have discovered that molecular-scale phase segregation of hydrophilic and hydrophobic components apparently enables direct translocation through the membrane without hole-formation. This provides some optimism that defined surfaces with nm-scale heterogeneity may dictate interactions with the lipid core, yet how to extend this architecture to larger structures is still unknown.
Ideally, interaction between a probe and the bilayer interior could be achieved by modifying the material's surface characteristics. A necessary trait of these "artificial membrane proteins" is the capacity to specifically insert into the bilayer core and form a strong interface, mimicking endogenous transmembrane proteins. A broad variety of molecular functionalizing agents are available, including small molecules, peptides, and polymers. Peptide interactions with the hydrophobic membrane core has been studied at length and are generally well-described by an empirical hydrophobicity scale (12) . However, these thermodynamic guidelines provide little insight into the protein-lipid dynamics important for kinetic processes such as bilayer penetration. Other characteristics of molecular agents such as entropy, crystallinity, orientation, and spatial patterning may also play important roles and enable property tuning beyond what is currently available with proteins.
Here we present a simple microfabricated architecture based on metallic multilayer probes that allows probe fusion into a lipid bilayer core and systematic control of lateral bilayer-material interactions (Fig. 1) . The probes consist of a metallic post with a thin, 2-10 nm hydrophobic band designed to fuse into the core of the lipid bilayer. These "stealth" probes are designed to mimic two essential transmembrane protein characteristics: The transmembrane regions are mostly hydrophobic with hydrophilic groups on either side, and the thickness of the hydrophobic domain should be commensurate with the bilayer thickness (13) . These characteristics are extremely encouraging for engineered biomimetic systems, because no special protein interactions or molecular-scale configurations are necessary. Instead, creating a ∼3-5 nanometer hydrophobic band on an otherwise hydrophilic structure is the critical design feature.
Lithographically defining 3-5 nm features on nonplanar structures (such as a cylindrical probe) is beyond even state-of-the-art lithography equipment. However, hydrophobic bands of these dimensions can be readily formed by molecularly functionalizing the exposed sidewall of an evaporated metal layer. Fig. 1 shows a schematic of a stealth probe that uses self-assembly of hydrophobic molecules on the edge of an Au layer sandwiched between hydrophilic metals. The height of the functional band is determined by the thickness of the Au, which can be controlled to 1-2 nm using current electron-beam evaporation or sputtering techniques (14) . This technique provides a flexible platform to examine how both architecture and various molecular agents influence adhesion within the bilayer itself and could be integrated into a number of biointerface systems, such as deep brain implants, neural prosthetics, and patch-clamp devices.
Here we use atomic force microscopy (AFM) to directly measure the location, penetration force, and adhesion strength of stealth probes functionalized with different molecular fusion agents within the bilayer. Previous studies have found that AFM is an excellent tool to measure bilayer thickness, force penetration barriers, and the effects of homogeneous tip functionalization (15, 16) . In addition, we find that the dynamic characteristics of AFM penetration through a series of bilayers reveal the preferential probe localization within a bilayer. The adhesion force of different probe functionalities was measured from the probe retraction force from the bilayer, and it was discovered that different length alkanes had significantly different adhesion strengths despite very similar hydrophobicities. These measurements show that the stealth probe architecture is a straightforward means to control integration and penetration of inorganic microstructures into lipid bilayers and may provide a flexible platform for nondestructive integration into cells.
Results and Discussion
Stealth probes were fabricated directly upon silicon AFM tips in order to measure the probe force and displacement during probe penetration through a lipid bilayer as shown in Fig. 2 . Initially, conical Si cantilever tips are milled into a roughly 500 nm diameter cylinder in a focused ion beam microscope (FIB) (Fig. 2  B and G) . The cantilevers are then transferred to an electronbeam metal evaporator and layered Cr-Au-Cr stacks of either 10-5-10 nm or 10-10-10 AE 0.5 nm are deposited. After metal deposition, the post sidewalls have a thin covering of Cr ( Fig. 2 C and H) that inhibits self-assembly onto the gold layer. A second FIB milling is performed to remove the sidewall deposition and reduce the post diameter to ∼200 nm, exposing the edges of the individual metal layers. Transmission electron microscopy (TEM) confirmed the Au layer has a clean sidewall free of Cr ( Fig. 2 I and J). The Au edge was then functionalized by self-assembly in 5 mM butanethiol or dodecanethiol solutions in ethanol for 12 h, rinsed with ethanol, and blown dry. To ensure this treatment did not functionalize the Cr layer we measured the contact angles of planar Cr films after immersion in the alkane thiol solutions, which were uniformly hydrophilic with a water contact angle <20°. Planar Au surfaces had contact angles of 110°and 110.5°f or butanethiol and dodecanethiol, respectively. Similar stealth probes could also be fabricated on Si wafers by e-beam lithography to define the post, followed by metal stack evaporation and lift-off.
Butanethiol and dodecanethiol were chosen as hydrophobic functionalizing agents to examine how molecular hydrophobicity and mobility influenced the probe-lipid interface. Butanethiol has a short, 4-carbon chain with high surface mobility on Au films, while dodecanethiol has a 12-carbon chain that forms crystalline monolayers (17, 18) . The hydrophobicity of these two species are similar (110°and 110.5°, respectively), but planar dodecanethiol monolayers are crystalline, while the liquid-like butanethiol monolayers adopt more random conformations. These functionalized tips were compared to control samples with unfunctionalized Cr probes, which were uniformly hydrophilic.
The forces and dynamics of probe penetration through a lipid bilayer were measured by advancing the probe into a stack of lipid bilayers using an AFM in force-testing mode. Previous AFM lipid penetration tests have used one or a few bilayers supported on a solid surface (19, 20) . However, single or double supported bilayers are not ideal for examining penetration behavior because the stealth probe tip will come into contact with the underlying substrate. This issue was avoided by creating thick, pancake-like stacks of hundreds to thousands of bilayers, allowing penetration through a large number of membranes without probe-substrate interactions. The thick bilayer stacks used here also differ from previous lipid experiments that hydrated a subregion of a larger stacked membrane structure (21) .
A force-displacement curve for penetration of an unfunctionalized hydrophilic tip through the top 39 bilayers of a stack is shown in Fig. 3A (see Fig. S1A and B for force-displacement curves for 5 nm Au bands functionalized with butanethiol or dodecanethiol). Upon contact the stack is compressed an average of 16.9 AE 6.7% (smooth approach curve from z ¼ 300 to 450 nm), until the applied force is sufficient to penetrate the bilayer, an average force of 58.3 AE 3.0 nN at a loading rate of 3.6 nN∕s. Each sawtooth deflection corresponds to the tip breaking through a single bilayer. The vertical step-height of each sawtooth corresponds to the distance the probe tip moves when breaking through the bilayer ("breakthrough distance"), while the failure force is the highest force value before rupture. The lipid stacks produce high-quality breakthrough data, as seen from the uniformity of the force and distance. Surprisingly, we discovered that the breakthrough distance the tip moves after rupturing the bilayer is indicative of the probe's relative resting position within the bilayer. This is highly advantageous because traditional techniques such as optical microscopy, x-ray diffraction, or TEM cannot measure the position of an individual probe within the bilayer. Previous measurements with hydrophilic pyramidal AFM tips found that the breakthrough distance was equivalent to the thickness of the hydrophobic bilayer core, which acts as a barrier to penetration due to the interfacial energy of contact (20) . In this case, the hydrophilic tip pushes against the top of the hydrophobic layer until enough force is applied to rupture the membrane, at which point the tip jumps through the hydrophobic core and stops at the aqueous headgroup region. Measurements with the hydrophilic control tips confirmed these results, with a breakthrough distance of 2.9 AE 0.3 nm (Fig. 3B) . This agrees quantitatively with the 3.1 nm hydrophobic core thickness of 2∶1 SOPC:cholesterol bilayers as used here, including the bilayer compression before breakthrough (19, 22, 23) . The hydrophilic probe thus normally resides within the hydrophilic gaps or membrane headgroups before penetration.
However, for hydrophobic stealth probes the band is expected to reside within the center of the bilayer to minimize interfacial energy. The breakthrough distance in this case should then equal the center-to-center distance between bilayers due to the band translating from the middle of one membrane to the next to avoid contact with the aqueous regions. Indeed, 5 nm Au bands functionalized with butanethiol or dodecanethiol give breakthrough distances of 5.6 AE 0.6 nm and 5.7 AE 0.6 nm, respectively (Fig. 3B) , nearly double the hydrophilic result. The breakthrough histograms for these two molecules are extremely similar, indicating both probe functionalizations reside in the same well-defined location. The breakthrough distances agree with the measured equilibrium lamellar spacing of 6.46 nm (24) after accounting for the 16.7% compression of the bilayer stack, which reduces the expected spacing to 5.4 AE 0.4 nm. The behavior of probes with 10 nm Au bands is similar to that of 5 nm Au bands, with breakthrough distances of 5.7 AE 0.3 nm and 5.9 AE 0.2 nm for butanethiol and dodecanethiol functionalizations, respectively (Fig. S2) . Thus, both 5-and 10-nm thick bands functionalized with butane and dodecane thiol reside in the middle of the hydrophobic bilayer core.
The most striking difference between hydrophobic and hydrophilic functionalized surfaces is revealed in the bilayer penetration dynamics (Fig. 3D and Figs. S3 and S4 ). For the hydrophilic Cr probe the tip motion consists of short, abrupt 3 nm drops corresponding to membrane core penetration, followed by linear motion (Fig. 3D , Green Curve) as the AFM cantilever moves vertically through the bilayer stack. During the linear motion the force also increases linearly (Fig. 3A) , and the total distance traversed before breakthrough is equal to the thickness of the hydration layer plus the headgroup thickness. We believe this results from the hydrophilic probe contacting the top of an unbroken bilayer and expelling the water layer beneath it as the probe is advanced. This causes the first two bilayers underneath the probe to be in close proximity right before rupture. Following breakthrough of the top bilayer, the probe is then immediately in contact with the next bilayer and the process repeats.
In contrast, both butanethiol and dodecanethiol stealth probes exhibit abrupt, 5-6 nm drops corresponding to membrane core to membrane core transitions, followed by extremely flat plateaus indicating very little motion within the bilayer with increasing force (Red, Blue Curves). For either functionalization the average motion between breakthroughs was 0.2 nm, indicating the probes had a very strong affinity for the center of the bilayer. No intermediate states were observed during the breakthrough events, which might indicate metastable locations for the hydrophobic band. The dramatic difference between the two mechanisms enables facile identification of where the hydrophobic band naturally resides. The adhesion strength of the probes within the bilayer was measured by a combination of the AFM force-displacement curves during probe withdrawal (Fig. 4 , Black Curve) and dynamic force-tests of penetration. Unfunctionalized tips (Fig. 4A) show lipid-tether formation as typically observed with hydrophilic probes, characterized by the multiple step-like failure events with zero-withdrawal force plateaus on withdrawal (25, 26) . These thin membrane tubules nonspecifically bind to the probe and are extruded from the main bilayer with low resistance, often extending tens of microns in length (27) . As each tether either snaps or breaks free of the probe, rapid jumps in tip deflection occur.
The functionalized stealth probes (10 nm Au band) exhibit no penetration force for the first bilayer on approach and only a single pull-off event, signifying spontaneous insertion and formation of a single bilayer-probe interface without membrane tethers ( Fig. 4B and C) . These failure events occurred over a smaller range of distances than the tethers and with much longer timescales (Fig. 4 insets) . The duration of the rupture event for the unfunctionalized, butanethiol, and dodecanethiol probes was 0.5 AE 0.26 ms, 7.95 AE 5.5 ms, and 1.87 AE 0.81 ms, respectively. The longer rupture times are consistent with a failure mechanism that involves rearrangement of a number of lipids, as would be expected for the approximately 628 nm lipid-probe contact perimeter (∼1800 lipids). The adhesion force as a function of withdrawal distance (Fig. 5 ) also shows that the butanethiol probe adheres strongly within the bilayer. While unfunctionalized probes have the same rupture force at all distances and large force plateaus consistent with lipid tethers, butanethiol tips have a distinctly nonlinear response that increases with distance. As the probe is withdrawn, the bilayers create a restoring force that increases with distance. An equivalent response has been observed during extraction of membrane proteins that are attached to the underlying cytoskeleton (28) . Similarly, the butanethiol probe must embed firmly enough to cause the subsurface bilayers to mechanically deform before failure. In contrast, the dodecanethiol tips failed almost immediately and no trend in adhesion force could be ascertained. In order to verify that these results were not probe-related artifacts, a dodecanethiol probe was cleaned with UV-ozone, rinsed in ethanol to remove any gold oxide, then refunctionalized with butanethiol. This yielded nonlinear results equivalent to the other butanethiol probes.
While the locations of the butanethiol and dodecanethiol probes within the bilayer are virtually identical, their adhesion strengths differed considerably, revealing hydrophobicity alone does not determine the interfacial strength. The average maximum adhesion force for the three different probes shows unfunctionalized probes have an average of 1.05 AE 0.11 nN, butanethiol probes an average of 1.90 AE 0.20 nN, and dodecanethiol probes an average of 0.45 AE 0.08 nN (see Fig. S5 for histograms). However, it should be noted that rupture forces and rates are intrinsically linked to the rate at which the bond is loaded. Numerous AFM experiments have shown this dependence, including single-molecule force-clamp experiments (29, 30) and bilayer penetration experiments (16, 31) . Therefore, it may be possible that the observed differences are simply due to differing dependencies on loading rate.
In order to address this question, we measured the energy barrier for bilayer penetration using dynamic force spectroscopy (DFS) experiments. The data was acquired in a force-clamp mode (29) that was performed by rapidly applying a large force load, halting, and allowing the cantilever to relax by breaking through the bilayer stack. Fig. 6A shows a typical force-displacement curve, clearly showing the distinct stair-steps corresponding to bilayer failure. The failure rate (breakthroughs per second) at each force value was then compiled and fit to a standard Langevin model (32) for barrier crossing with applied force:
where k is the failure rate at a given force, A is the attempt frequency (the cantilever resonance frequency of ∼6 kHz was used) (16), E o is the unstressed energy barrier height, F is the applied force, T is the absolute temperature, and γ is the location of the energy barrier. The adhesion strength for the 5 nm thick bands was higher for either functionalization, likely reflecting the strain required for a single bilayer to conform to a 10 nm band (also see Fig. S3 ). Interestingly, the difference between the two functionalized probes agrees with pioneering studies on general anesthetics (33, 34) . Haydon et al. examined the anesthetic properties of n-alkanes infiltrating and swelling lipid bilayers, concluding that homologues shorter than heptane readily adsorb horizontally into the space between leaflets, thereby thickening the bilayer. Subsequent research using neutron scattering (35), x-ray diffraction, and differential scanning calorimetry (36) confirmed hexane partitions into the midplane with a horizontal orientation, while longer chain alkanes reside perpendicular to the midplane, parallel to the lipid acyl chains. These results qualitatively agree with the different adhesion forces for the two functionalizations, which are ostensibly oriented in-plane relative to the lipid bilayer and perpendicular to the lipid tails. Butanethiol should prefer the horizontal orientation and indeed has a high adhesion force. Dodecanethiol should favor the vertical orientation, yet it is likely unable to do so from its crystalline structure (17) . The large free energy of the terminal methyl group makes the dodecane-lipid tailgroup intersection quite weak and a likely location to nucleate a defect. Chain mobility may similarly play a role, as butanethiol exists in a disordered, fluid-like phase on planar surfaces (17, 18) compared to the crystalline dodecane, allowing the chain to reorient as necessary. The implications from the interplay between molecular mobility and hydrophobicity in terms of interface formation extend the possible applications to particle and drug delivery. While surfaces with a mobile, hydrophobic surface functionalization create a strong adhesive bond, restricting mobility decreases the adhesion strength, allowing for short-term association followed by permeation. This agrees with the results of Verma et al. (8) , who found that nanoparticles with ordered rings of hydrophilic and hydrophobic domains penetrate cellular membranes.
Conclusion
The stealth probe design demonstrates that by recreating the nanometer-scale architecture of transmembrane proteins through a simple microfabrication technique, bioengineered structures can specifically insert into the bilayer core and form a strong interface. The adhesion strength with the bilayer interior depended upon the hydrophobicity and molecular mobility of nanoscale hydrophobic bands, allowing tuning with different molecular species. As suggested by earlier calorimetry studies (37), these results indicate the hydrophobic effect is only one factor in material stability within the lipid bilayer, and that mobility and/or chain orientation are other primary attributes. In general, tailoring the bilayer-probe interface characteristics should be possible by altering the probe geometry, including band thickness, number of bands, and molecular functionalization. Probe penetration dynamics through stacks of lipid bilayers were found to provide detailed insight into the preferential location of the probe, lipid organization, and adhesion strength. Because the stealth probe architecture can be fabricated onto atomic force microscope tips or in large arrays on solid substrates, both fundamental studies of the mechanics of molecular membrane penetration as well as technological applications such as arrays of on-chip patch clamps are exciting opportunities for further research.
Materials and Methods
Stealth Probe Fabrication. Standard commercial AFM cantilevers with a nominal spring constant of 0.08 N∕m (CSC-38/Au BS, MikroMasch USA) were mounted vertically in a focused ion beam microscope (FIB) (FEI Strata 235DB). The tips were milled to a post shape approximately 500 nm in diameter and 600 nm long using a 30 kV, 10 pA Ga-beam, followed by a 90°rotation onto their sides and subsequent milling to complete the post geometry ( Fig. 2B and G). A layered Cr-Au-Cr structure (each Cr metal layer ¼ 10 nm thick, Au layer ¼ 5 or 10 nm) was deposited by e-beam metal evaporation (Temescal) on the modified AFM cantilevers at a rate of 0.5 Å∕s (Fig. 2C and H) . Thicknesses are AE5% and were calibrated using x-ray reflectivity. Following metal deposition, the cantilevers were remilled in the FIB to a final diameter of approximately 200 nm using the same milling procedure, with the exception of the beam current being reduced to 1 pA (Fig. 2D and I) . Force Testing Procedure. Membrane probes were functionalized for at least 12 hrs in 5 mM ethanolic solutions of either 1-butanethiol (Alfa Aesar) or 1-dodecanethiol (Sigma-Aldrich). Previously used tips could be refunctionalized with different molecules following a 30-min UV-ozone cleaning (UVO Cleaner, Jetlight Company Inc.). After UV-ozone treatment, tips were soaked in pure ethanol (Sigma-Aldrich) for 30 min to remove any gold oxide.
Functionalized membrane probes were removed from solution, rinsed in ethanol, and mounted in an Asylum Research MFP-3D AFM. Spring constant calibration was done using the Sader and thermal methods. Stack penetration testing was performed at 500 nm∕s, while adhesion force testing was performed at a rate of 2 μm∕s. A dwell of 1 sec was used between extension and retraction, when the probe is in contact with the bilayers to allow for fusion to occur.
Force-clamp curves were obtained by initially bringing the probes into contact with a lipid stack at a rate of 4 μm∕s. Loading was stopped when a force set point of 40-100 nN was reached. Once the set point was obtained, a 30-60 s dwell was triggered where the cantilever position was held constant. During this dwell session, the change in cantilever deflection was measured. Drift in the system was accounted for by leveling the low force/long time drift of the baseline. 
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